Abstract-An AC magnetometer using a resonant excitation coil is presented for magnetic nanoparticles characterization. An automatic resonant frequency switching of the excitation coil circuit is developed to reduce the measurement time and human contributed errors. A network capacitor consists of 13 different capacitance values is fabricated and controlled by using a relay module and a microcontroller. The resonant circuit of the excitation coil is resonated up to 81.36 kHz to reduce its impedance observed by a current amplifier. The impedance of the resonant excitation coil is evaluated to access the effectiveness of the resonant technique. A first-order differential coil is used to sense the magnetization from a sample and its sensitivity with respect to magnetic moment and frequency is measured. Using the developed system, we measure the complex magnetization of a multi-core iron oxide nanoparticles solution and estimated its hydrodynamic size.
I. INTRODUCTION
Magnetic nanoparticles (MNPs) have attracted wide interests in various fields particularly in bio-medical applications such as in-vivo imaging, magnetic immunoassay and magnetic hyperthermia owing to their promising characteristics at nanometer scale [1] - [4] . For an example, MNPs is used as a tracer in the Magnetic Particle Imaging (MPI) technique to provide a high spatial and temporal resolution of their concentration distribution in a region [5] , [6] . In magnetic immunoassay applications, MNPs have been used as a marker where interactions with biological entities or viscosity of their carrier liquid can be sensed by monitoring their magnetic response. The performance of MNPs in these applications are governed by their intrinsic and extrinsic properties such as magnetic anisotropy, core size, hysteresis loop, hydrodynamic size, degree of aggregation etc. where different applications require different characteristics [7] [8] [9] . Therefore, it is important to characterize and standardize MNPs' properties so that they can be tailored for an optimum performance in a specific application. AC magnetometer is one of the characterization tools used to directly assess the magnetic properties of MNPs and its development for this purpose is important [10] - [12] .
The construction of an AC magnetometer can be divided into two parts: magnetization detection and magnetic field excitation units. In the magnetization detection unit, the detection sensitivity across a wide frequency region is crucial since MNPs are required to be characterized in the wide frequency region. Because of this, induction coils have become a popular choice as a magnetic sensor at the magnetization detection unit owing to their simple construction, high sensitivity at high frequency, and wide and linear frequency response. On the other hand, the magnetic field excitation unit is conventionally constructed of solenoid or Helmholtz coils using normal conduction or superconducting coils [13] . This excitation coil/unit requires to generate magnetic field in the wide frequency region at a sufficient intensity. However, the increasing of impedance due to its inductance at high frequency is one of the technical issues that will reduce the flowing current through it and hence reducing the generated magnetic field [14] . Miniaturization of the excitation coil is one of the technique can be used to increase the magnetic field intensity at high frequency since the inductance is proportional while the generated magnetic field is inversely proportional to the radius of the coil [15] . However, the area that contains the high uniform magnetic field will be reduced when the radius is decreased, and this will result to a non-uniform magnetization of a sample. On the other hand, the impedance can be lowered to a minimum value by connecting the coil with a capacitor to form an RCL circuit and resonating the flowing current at a fixed frequency [14] . Although this method is a simple solution, the minimum impedance can only be achieved at a narrow frequency bandwidth. In order to cover the wide frequency region, multiple switching of different capacitors at discrete frequency is necessary. Consequently, the frequency switching mechanism will increase the measurement time of the AC magnetometer and this can be reduced by performing its automation.
In this study we report on a development of an AC magnetometer using automatic frequency switching of a resonant excitation coil. The magnetization detection unit is fabricated to achieve a sensitive detection of magnetic responses from MNPs. Furthermore, the excitation coil is fabricated to achieve a high uniform magnetization for a 1-mL sample [16] and a computer-controlled capacitor switching circuit is developed to obtain resonant frequencies up to 81.36 kHz. The feasibility of the developed system is demonstrated by evaluating the complex magnetization of a commercial multi-core iron oxide nanoparticles solution and its hydrodynamic size is determined from the measured complex magnetization.
II. METHODOLOGY

A. Overall system configuration
The schematic diagram of the developed system is shown in Fig. 1 , consists of the excitation and detection units. The excitation coil is connected a capacitor network in which its capacitor selection is achieved by a 16-relay module and a microcontroller (Arduino UNO) and controlled by a computer. A current amplifier (TS 250, Accel Instruments) is used to convert voltage signals from a function generator to high current signals and it is connected to the capacitor network and the excitation coil. The magnetization signal from a sample is sensed by a first-order axial differential coil and the signal detection is performed by a lock-in amplifier (LI 5640, NF Corporation). The current signal from the current amplifier is used as a reference signal for a phase sensitive detection at the lock-in amplifier. The computer is used for controlling the microcontroller and function generator and analyzing the complex magnetization data obtained from the lock-in amplifier.
B. The magnetic field excitation unit.
The excitation coil is configured to be 2 identical solenoid coils separated by a 4-mm gap. One solenoid coil has 160 turns, an internal diameter of 30 mm and a length of 30 mm. The solenoid coils are fabricated from a Litz wire composed of 60 strands of 0.1 mm Cu wires to reduce the increase of AC resistance at high frequency. The resistance and inductance of the excitation coil measured by an LCR meter at 1 V and 1 kHz are 1.36 Ω and 1.54 mH, respectively.
The capacitor network is composed of multiple polypropylene film capacitors with different 13 capacitance values. The selection of capacitors is controlled by the 16-relay module where one capacitor is connected in series with one relay. The capacitance value is determined at a desired resonant frequency using
The activation of the relays is controlled by the Arduino UNO, which are connected to the computer. The relays are connected between the current amplifier and the capacitor network instead of between the capacitor network and the excitation coil to prevent voltage breakdown and sparks between the relay terminals. In the resonance mode, a maximum current flow through the coil and producing a high reactive voltage between the excitation coil and the capacitor, in which the relay can be easily damaged if sparks occur between the relay terminals.
C. The magnetization decetection unit
The first-order axial differential coil consists of two identical coils that are connected in series-opposite connection. One coil has an internal diameter of 19 mm, a length of 15 mm and a number of turn of 400 turns. The coils are fabricated from a 0.25-mm Cu wire and separated by a 25-mm baseline. The resistance and inductance measured at 1 V and 1kHz are 20.62 Ω and 5.15 mH, respectively. The first-order differential coil enables elimination of signals contributed from the environmental noises and the excitation magnetic field and detects only the magnetization signal from the sample. The cancellation of the coupled excitation magnetic field is improved by manually tuning the position of the first-order differential coil at the axis of the excitation coil.
D. Multi-core iron oxide nanoparticles
The commercial multi-core iron oxide nanoparticles used in this study is nanomag®-D (Micromod Partikeltechnologie GmbH). The iron oxide nanoparticles are suspended in water and have a typical hydrodynamic size of 130 nm. The iron oxide nanoparticles have a ferromagnetic characteristic with a core size determined from their static magnetization curve of 11.74 nm [17] . A 1-mL low concentration solution is prepared by further diluting the solution with purified water to produce a solution with an iron concentration of 0.8 mg/mL. The prepared solution is then encased in a test tube.
III. EXPERIMENTAL RESULT
A. Impedance of the excitation coil
The impedance of the excitation coil was evaluated using the 4-point terminal measurement. The impedance when the excitation coil was not connected and connected to the 13 capacitors is shown in Fig. 2 . When the excitation coil was directly connected to the current amplifier, an RL circuit was formed and the impedance could be expressed as ZRL(ω) = RAC(ω) + RDC + jωL. Here, RDC, RAC and ω are the DC and AC resistances and angular frequency. Since the Litz wire was able to suppress the increase of RAC up to 10 kHz, the increase of impedance in the region higher than 100 Hz was dominantly caused by the inductance of the coil. When the excitation coil was connected to the capacitor to form an RCL circuit, the impedance of the series circuit could be expressed as ZRCL(ω) = RAC(ω) + RDC + j(ωL−1/ωC). The circuit resonated to reach a minimum impedance at a resonance frequency determined by fR=
. The impedance showed a higher value compared to ZRL in the frequency region lower than the resonant frequency due to the impedance contributed from the capacitor. The impedance showed a narrow bandwidth characteristic where this minimum point was shifted to a higher frequency when the capacitance value decreased as shown in Fig. 3 . As a comparison, we also measured the output current and voltage of the current amplifier at the resonant frequencies, and the derived impedance is indicated by the open circles in Fig. 2 . The derived impedance agreed well with the results of the 4-point terminal measurement. The increase of impedance at the resonant frequencies in the region higher than 20 kHz was thought due to the increase of the AC resistance of the Litz wire. We also noted that the use of relays for the switching purpose had introduced a contact resistance of 0.3 Ω, which was negligible compared to the impedance of the excitation coil.
B. Sensitivity of the first-order differential coil
To evaluate the sensitivity of the first-order differential coil, a magnetic moment model represented by a 30-turn small coil was used. The diameter of the small coil was 4 mm and a current of 1.82 mA was applied to the coil, producing a magnetic moment of 6.85 × 10 −7 Am 2 . The small coil was positioned at the maximum response point in the gradient characteristic of the first-order differential coil [16] . The sensitivity of the first-order differential coil with respect to frequency is shown in Fig.4 . The sensitivity revealed a linear relation between the induced voltage and the magnetic moment's frequency, which was according to the Faraday's induction law. However, the contribution of the frequency component in the detected signal must be normalized so that magnetic responses from a sample at different frequencies could be compared. This could be achieved by calibrating the The resulted resonant frequency of the RCL circuit when the excitation coil was connected to 13 capacitors with difrrent capacitance values.
output voltage of the first-order differential coil using its sensitivity curve.
C. Complex magnetization of the iron oxide nanoparticles
Using the developed system, we measured the complex magnetization of the iron-oxide nanoparticles solution. A magnetic field amplitude of 2.6 mT was applied to the sample from 3 Hz to 10.84 kHz. The measurement was performed by subtracting the magnetic responses during insertion of the sample and without the sample. The magnetic responses were subtracted using a vector analysis of the real and imaginary parts of the magnetization. The real m' and imaginary m" parts of the nanoparticles magnetization are shown in Fig. 5 . The real part decreased when the frequency of the excitation field was increased while the imaginary part peaked at 300 Hz. The frequency response behavior of the nanoparticles magnetization could be described by the Brownian relaxation of the standard Debye model: 
Here, m0 and τB, are the static magnetization and the Brownian relaxation time, respectively. From Eq. (2) and Fig. 5 , the real m' part decreased when the angular frequency was increased while the imaginary m" part would show a peak when ωτB = 1. The measured result agreed well with the result reported in [11] where the 300-Hz peak corresponded to a hydrodynamic size of about 130 nm.
IV. CONCLUSION
An AC magnetometer with automatic switching of a resonant excitation coil was developed to address the technical issues in the AC magnetometer construction. A minimum impedance of the excitation coil was able to be achieved up to 81.36 kHz by using the resonant technique and the resonant capacitor selection was fully automatized by the relay module and the microcontroller. The first-order differential coil was fabricated as the detection coil and showed an increased sensitivity with increasing frequency. Using the developed system, the complex magnetization of the iron-oxide nanoparticles solution was measured and their hydrodynamic size was successfully estimated. It is expected that the developed AC magnetometer can be applied in the characterization and standardization of MNPs.
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